Four novel mesogenic dyads consisting of a hexa(alkoxy)triphenylene donor that was linked to a perylene tetracarboxylic esters acceptor by the bridges 
Introduction
Since the rst discovery of mesogenic benzene-hexa-n-alkanoate discotic organics by Chandrasekhar in 1977, 1 discotic liquid crystals (DLCs) have received much attention due to their attractive potentials in organic electronic devices. A DLC molecule is normally composed of two components, a planar rigid core and several exible alkyl chains as substitutes peripherally connected to the core. 2 Discotic mesogens tend to self-organize into columns due to p-p interactions between the neighbouring cores, as well the van der Waals attraction involving alkyl chains. 3 This offers DLCs good electron and/or hole transporting properties along the column direction. 4 The exchange of charge carriers between adjacent columns is strongly hindered due to the insulation surrounding shell forming by alkyl chains. 5 The anisotropy in conductivity of a triphenylene (TP) mesogen in its columnar phase was found to be typically about s k /s t ¼ 1000 (s k and s t denoting conductivity parallel and perpendicular to the column, respectively). 6 These materials are therefore considered as quasi one-dimensional semiconductors.
DLC materials have already demonstrated applications in optoelectronic devices, such as organic photovoltaics (OPV) and light emitting devices (OLEDs). 7 In these applications, triphenylene-based DLCs are normally electron-rich and used as p-type semiconductor, 8 while DLCs based on perylene bisimides and tetracarboxylic esters (PTE) are decient in electrons and oen used as n-type semiconductors. 9 Recently DLCs dyads, triads and oligomers having electron donor (D) units and electron acceptor (A) units connected by covalent bond bridges, have been synthesized. [10] [11] [12] [13] [14] [15] Due to intramolecular charge transfer states, a large stokes shi had been observed. 15 Efficient light-induced electron and energy transfer processes also occurred in these systems when excited in the visible region.
14 However the mechanism of the light-induced charge and energy transfer processes in these DLCs dyads, triads and oligomers has not been fully understood.
13
When the D-A typed mesogenic molecules underwent faceon arrangement on the substrates, a conguration for onedimensional hole and electron transport pathways will be realized. This will be an optimized layout for OPV applications. 16 For in this device, the electrons and holes are effectively formed by intramolecular light-induced charge transfer process, and will be transported to the cathode and anode along electron and hole transport channels, respectively. But so far, the controllable alignment of these D-A typed DLCs on a substrate has still been a considerable challenge.
The studying of bulk heterojunction (BHJ) solar cells reveals that the open-circuit voltage (V oc ) is (almost linearly) proportional to the energy level difference between the highest occupied molecular orbital (HOMO) level of the electron donors and the lowest occupied molecular orbital (LUMO) level of the acceptors. 17 Xiao et al. reported the BHJ solar cells based on blending RR-P3HT with perylene diimides (PDI) or PTE as acceptors, and the V oc value of the latter was 0.3 V higher than that of the former, since the LUMO level of PTE is 0.3 eV higher than that of PDI.
18
Previously we have studied the liquid crystal and optical properties of alkoxy-bridged triphenylene and perylene monoimide diesters dyads (TP6-C n -PMIBE, n ¼ 2, 6, 10 and 12).
14 In order to improve the energy level difference between the HOMO of the donor and the LUMO of the acceptor, four novel dyads DC 2 A, DC 6 A, DC 10 A and DC 12 A, composing of a TP moiety as donor and a PTE moiety as acceptor, linked through 12 -O) bridges, respectively, were synthesized in this work (Fig. 1 ). Molecular structures in relation to electrochemical behaviours, the uorescent emission/ quenching and the energy transfer, as well as liquid crystalline phase transitions, were studied. The experimental results reveal that the energy level difference between the HOMO of the donor and the LUMO of the acceptor is about 1.94 eV, and the dyads have mesogenic phase even at room temperature.
Experimental

Materials
All chemicals and solvents are from Aladdin Industrial Corporation, XiLong Chemical, and FuYu Chemical. All were analyticalgrade reagents and used as received unless otherwise noted.
Synthesis of 2-(6-bromohexyloxy)-3,6,7,10,11-penta(hexyloxy)-triphenylene (3) 2-Hydroxy-3,6,7,10,11-penta(hexyloxy)-triphenylene (compound 1 (1.00 g, 1.34 mmol)), 1,6-dibromohexane (1.96 g, 8.03 mmol), tetrabutylammonium bromide (0.13 g, 0.40 mmol) and potassium hydroxide (0.30 g, 5.36 mmol) were added to a dichloromethane (8 mL) and water (5 mL) mixed solution. The mixture was stirred at room temperature for 24 hours under N 2 atmosphere. Then the solution was extracted with dichloromethane (10 mL Â 3) before the organic phase was washed with brine and dried over anhydrous sodium sulfate. Aer evaporation of the solvent in vacuo, the crude product was puried by chromatography (silica gel, eluted with ethyl acetate/petroleum ether ¼ 1/50) to yield 3 as a colourless solid (1.13 g, 93% 
Characterisation and instrumentation
FT-IR was performed on a VECTOR 22 FT-IR spectrometer (KBr tablet). UV/Vis was recorded on a Shimadzu UV-2450 spectrometer. Fluorescent emissions were performed on a HITACHI F-4600 instrument. 1 H NMR spectra were recorded on a Bruker spectrometer (300 MHZ, 400 MHz or 500 MHz). EA was recorded on a Thermo Flash EA-1112 instrument. DSC experiments were carried out on a Thermal Analysis DSC-Q100 instrument. The mesomorphic properties were evaluated by a polarized optical microscopy (Olympus THMS600) instrument provided with a heating stage (Linkam THMSE 600). Electronic energy levels were performed on a Shanghai Chen Hua CHI760E electrochemical workstation. Mass spectra were obtained using an Agilent 6495 in the ESI mode.
Results and discussion
Synthesis
The D-A dyads in this work were synthesized from a triphenylene derivative as a donor and a perylene derivative as an acceptor. The preparation of monohydroxypentahexyloxytriphenylene (compound 1) was one of the key steps towards asymmetric triphenylene derivatives synthesis, which followed the procedures reported previously. 19 The perylene monoanhydride diester (compound 10) were prepared according to the report in literature.
14 The dyads were denoted as DC 2 A, DC 6 A, DC 10 A and DC 12 A according to the length of the linkage chain (Scheme 1).
u-Bromo-alkoxy-triphenylenes (compounds 2-5) can be synthesized via alkylation of 1 with dibromoalkanes (Br(CH 2 ) n Br, n ¼ 2, 6, 10 and 12) under phase transfer conditions in high yields. Among these, compounds 2 and 5 have been reported in previous work.
10,14
The intermediates u-iodo-alkoxy-triphenylenes (compounds 6-9) were obtained by reacting compounds 2-5 with excessive potassium iodide in acetone under reuxing according to Finkelstein reaction. 20 The raw u-iodo-alkoxy-triphenylene products without further purication were then reacted with perylene monoanhydride diesters in the presence of 1-hexanol and anhydrous potassium carbonate at 50 C to give the target dyads. Since the perylene monoanhydride diesters were not soluble well in these reactions, as well as the reaction solutions were highly viscous, it took about 72 hours to obtain the dyads in the yields of 28-40% for the last two steps.
Phase behaviours and potential in self-organization
Phase behaviours of the dyads were investigated by POM (optical textures see Fig. 2 ) and DSC (with a scan rate of 10 C per minute). Peak transition temperatures along with their associated enthalpies (DH) were listed in Table 1 .
As shown in Fig. 3 , DC 2 A showed one endothermic transition and peaked at 56 C in the rst heating cycle, while a broad and weak exothermic transition peaked about 6 C during cooling.
Under microscopic observation, it was found to be a birefringent and so solid at À20 C, clearly deformable under physical stress. Upon heating, it gradually turned to uid, and the birefringent disappeared at 67 C in an isotropic state. This isotropic liquid remained without birefringent even cooled to À20 C, but the liquid became very viscous. The birefringence slowly occurred aer two days at room temperature, but maintained the liquid state. Under microscopic observation, DC 6 A was a birefringent and deformable solid at À20 C. If heating up, it turned to uid gradually. The birefringence disappeared around 59 C.
However, cooling down the isotropic liquid, the viscosity increased but no birefringence can be observed even at À20 C.
From DSC trace, it can be seen that in the heating circle an imperceptible peak at 55 C. When cooled it has a broad phase transfer at À13 C.
During heating run, DC 10 A showed three endothermic transitions which peaked at 21 C, 48 C and 97 C, respectively.
During cooling, a sharp exothermic transition occurred at 89 C with an 8 C supercooling. Under microscopic observation, it was birefringent and deformable at À20 C. When heating up it started to ow at À16 C with birefringence, which maintained to 98 C and then disappeared. Upon cooling the birefringence returned around 94 C. The birefringence uid remained to À20 C.
Two endothermic transitions at 43 C and 80 C were found for DC 12 A in the rst DSC heating scan. During the cooling scan, two exothermic peaks at 53 C and 11 C. Under microscopic observation, on heating crystal DC 12 A melted at À5 C, the birefringent uid maintain till 85 C where the birefringent disappeared. The birefringent uid resorted at 74 C during cooling and solidied at À18 C.
The liquid crystal optical textures of dyads DC 10 A and DC 12 A, bearing longer spacers, are shown in Fig. 2 . These textures are similar to the straight linear defects and focal conic textures for hexagonal columnar phase, respectively.
12,21 For dyads DC 2 A and DC 6 A, when slowly cooled from the isotropic phase to room temperature, the birefringent phenomena was not resorted, the optical textures were not clear yet.
Electrochemical behaviour and HOMO/LUMO energy levels
The electrochemical behaviours of HAT6, PTE, and DC 6 A were investigated by cyclic voltammetry (CV) in dry acetonitrile with 0.1 M tetrabutylammonium hexauorophosphate (TBAPF6) as the supporting electrolyte. The experiments were performed at room temperature with a scan rate of 50 mV s À1 , using a standard three-electrode cell with a platinum wire as the counter electrode, a AgCl/Ag electrode as the reference electrode, and a glass carbon electrode as the working electrode. The samples were solution-cast directly onto the working electrode. The cyclic voltammograms of these compounds were shown in Fig. 4 , and all potentials were recorded versus AgCl/Ag reference. All these compounds showed one or two reversible redox waves. HAT6 exhibited one quasi-reversible redox waves with the halfwave potentials (E ox 1/2 ) being 0.98 V, PTE exhibited one quasireversible redox waves (E ox 1/2 ) being 1.49 V, and DC 6 A with the rst and second half-wave potentials (E ox (1) 1/2 and E ox (2) 1/2 , respectively) being 0.96 V and 1.44 V. Analysis of these data showed that the rst redox wave of DC 6 A can be assigned to the oxidation reaction of the triphenylene unit, and the second redox wave can be correlated to the oxidation reaction of the perylene unit.
For all CV measurements, the ferrocene/ferrocenium (Fc/Fc + )
redox couple was used for calibration. 22 The energy levels of the HOMO of these electroactive compounds can be derived from the onset of the rst oxidation wave, using the following equation: HOMO ¼ À(E ox + 4.8 eV), where E ox is the onset potential of the rst oxidation wave versus E Fc/Fc +, and the data are summarized in Table 2 . The HOMO energy levels of HAT6, PTE and DC 6 A were then estimated to À5.23, À5.74, and À5.21 eV, respectively. This indicates that the HOMO values of the dyads are determined mainly by that of the triphenylene moiety, which having higher HOMO energy than that of PTE. And the LUMO energy levels can be estimated from the optical energy gaps (E g , see S21 †) and the HOMO energy levels by LUMO ¼ HOMO + E g . It is obvious that for the dyad DC 6 A the perylene moiety is responsible for the red edge of the longest wavelength absorption in dichloromethane solution (see Fig. 5 ). The HOMO value used in this equation should be corresponding to that of perylene unit. So the estimated LUMO energy level of DC 6 A is À3.29 eV, indicating for the dyad the LUMO energy is governed by that of the perylene moiety, which has lower LUMO energy than that of HAT6. As a consequence, the HOMO energy of a D-A dyad connected by an aliphatic spacer is almost equal to that of the donor; and the LUMO energy of it is nearly the same as that of the acceptor. And the aliphatic linkage of the D-A dyads preserves the genuine electrochemical behaviours of the Fig. 3 The DSC traces (10 C min À1 , first heating-cooling cycle) for DC n A, (n ¼ 2, 6, 10 and 12). ). The curves of PTE and DC 6 A moved up 0.0004 and 0.0008 unit than that of HAT6, respectively. . In order to facilitate the observation, the spectral lines of DC 12 A, DC 10 A, DC 6 A, DC 2 A and HAT6 : PTE ¼ 1 : 1 successively moved up 0.04 units than HAT6.
donor and acceptor units. It is consistent with the conclusion of Xiao Y., and et al. À6 mol L À1 ) were measured (Fig. 5) . The absorption maximum of HAT6 is at 280 nm, and the peak optical density corresponds to an extinction coefficient of 1.16 Â 10 5 L mol À1 cm À1 . The maximum peak has been considered belonging to the electronic transition S 0 -S 4 , which is symmetry allowed and degenerate. The lower intensity peaks appearing at 345 and 360 nm are attributed to symmetry forbidden transitions S 0 -S 1 . 24 The PTE absorption has its maximum at 470 nm (3.38 Â 10 4 L mol À1 cm À1 ), accompanied by a vibronic progression peaking at 443 nm and 418 nm, which are similar to those of pure perylene and corresponds to the S 0 -S 1 transition. 25 Between 250 and 400 nm the PTE absorption reduced but remained a nite level (1.16 Â 10 3 L mol À1 cm À1 at 317 nm). Absorption spectrum from a mixture of HAT6 and PTE with a 1 : 1 molar ratio was also recorded for comparison. The absorption of the mixture features essentially the sum spectrum of the isolated components. The absorption spectra of the dyads DC 2 A, DC 6 A, DC 10 A and DC 12 A are all similar to that of the former mixture. The absence of characteristic charge-transfer bands demonstrates that the charge transfer complex does not form between the molecules of a dyad. In summary, the lengths of the exible bridges do not signicantly affect the absorption spectra properties of the dyads in dilute solution, and which features the sum spectrum of their donor and acceptor units. Photoluminescent emission and excitation spectra. Photoluminescent emission spectra of the four dyads were measured in dichloromethane solutions (concn.
excitation wavelength of 443 nm (Fig. 6) . As a comparison, photoluminescent emission from PTE was also measured and plotted alongside. And that from HAT6 was also shown as an inset excited at 280 nm. It can be seen that emission spectra from the four dyads and PTE are extremely similar in spectral prole in range of 460 to 650 nm. They are multi-peak emissions around 491, 521 and 566 nm. It also can be seen from the inset that HAT6 emits in the range of 350-470 nm, which is very different from that of PTE. This implies that when excited at 443 nm the photoluminescence emissions of the dyads are mainly from the perylene units. However, the emission intensities of the dyads weakened as compared with that of PTE and further decreasing was found as the exible linking bridges got shorter. The emission of DC 2 A was extremely weak, but when the spectrum was amplied 10 times the curve has the same structure as that of the other dyads. When the length of exible bridges increasing, the emission from the dyads gradually strengthened. Although the DC 12 A has the longest bridge among the four dyads, its emission intensity is still lower than that of PTE. It is obvious that the general reduction of photoluminescence indicates the presence of photoluminescent quenching processes to the excitation of D-A dyads. The shorter the bridge, the stronger the uorescence quenching effect of the dyads.
In order to explain the experimental observation described in Fig. 6 , we treat the donor and the acceptor units of the dyads as entities that can be studied separately. This approximation is reasonable because the absorption spectra of the dyads correspond to the sum spectra of the individual molecular units. The normalized uorescence excitation spectra of the dyads are almost completely coincident in the range of 360 to 510 nm (see Fig. 7 ). It is therefore reasonable to describe the molecular orbital of the donor and the acceptor units in a single-particle approximation.
We deduced that the intramolecular charge transfer processes were responsible for the uorescence quenching of the dyads, and shown schematically in Fig. 8 . The energetic positions of the HOMOs and LUMOs corresponded to results from cyclovoltammetric experiments of the HOMO and LUMO levels of ). Fig. 7 The normalized fluorescence excitation spectra of DC 2 A, DC 6 A, DC 10 A and DC 12 A in dichloromethane, concn.
. The emission was monitored around 520 nm. DC 6 A. The progress starts from the le hand, and the dotted arrow indicates the direction of an electron being about to move.
When the dyad is excited at 443 nm, due to the extinction coefficient of the donor is negligible at this wavelength and only A unit is excited, electron transits from its HOMO to its LUMO. The excitation state generated is indicated by symbol A*, and this excitation process is shown by the Ex sign. The pair of electrons in the HOMO of donor unit has higher energy than the HOMO energy level of A*, so donor unit transfers one electron to it. Thus donor unit loses one electron and becomes a radical cation (D + c), and A* gets one electron and becomes radical anion (A À c). This is a ground-state charge-transfer process, denoted as CT. Finally, the electron in the LUMO of A À c has higher energy than the HOMO of D + c, and transfers to it, resulting in the dyad returning to the electronic ground state. This is another process of charge transfer, represented by CT. These charge transfer processes can be explained by Dexter-type energy transfer theory. It shows that the energy transfer rate constant decays exponentially with the distance. 26 Thus the longer the distance between D and A units, the weaker the excitation energy decay, and the stronger the uorescence emission. For DC 2 A, the bridge length is the shortest in the dyads, so its uorescence emission is almost absolutely quenched. In the case of compound DC 12 A, the spacer is the longest, and its uorescence intensity is the strongest of all.
In summary, when excited at 443 nm, the intramolecular photoinduced charge-transfer processes occur to the four dyads, and which are responsible for the uorescent quenching of the dyads in dilute solution.
Conclusions
Four novel dyads DC n A (n ¼ 2, 6, 10 and 12) were synthesized and fully characterized. The experimental results of CV and UV/ Vis showed the aliphatic linkage of the D-A dyads preserved the genuine electrochemical behaviours of the D and A units. When the four dyads in dilute dichloromethane solution are excited at 443 nm, the uorescence quenching of the A unit varies with the bridge length. This is ascribed to a ground-state charge transfer from the D unit to the A unit. For compound of DC 2 A, the bridge length is the shortest and energy transfer rate is the fastest, so its uorescence is almost absolutely quenched. In the case of compound DC 12 A, the bridge length is the longest and energy transfer rate is the slowest, and its uorescence intensity is the strongest. Considering the mesogenic behaviours of DC 10 A and DC 12 A, these dyads are potential active materials for fabricating OPV with ideal double channels for charge carriers transporting.
